We introduce a dinstint approach to engineer a topologically protected surface state of a topological insulator. By covering the surface of a topological insulator, Bi2Te2Se, with a Bi monolayer film, the original surface state is completely removed and three new spin helical surface states, originating from the Bi film, emerge with different dispersion and spin polarization, through a strong electron hybridization. These new states play the role of topological surface states keeping the bulk topological nature intact. This mechanism provides a way to create various different types of topologically protected electron channels on top of a single topological insulator, possibly with tailored properties for various applications.
Topological insulators (TIs) are a new class of insulator materials with unusual surface (edge) metallic electron channels [1, 2] . These surface channels have massless Dirac electron character with helical spin polarization [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , which are robustly protected by the topological nature of the bulk [13, 14] . These unique characteristics make surface states of TI, topological surface states (TSS), ideal for scattering-free carriers of spintronic information and the fault-tolerant quantum computing.
The prompt application of these materials are, however, hampered by not only materials issues such as surface and bulk imperfections but also by the robustly protected nature of their surface states itself; intrinsically hard to manipulate and control [14] . So far, the most popular way of controlling a TSS is to dope them. For the cases of the most widely studied 3D TI of Bi chalcogenides, the non-magnetic atomic and molecular dopants [4, 5, 7, 9, 12, 15] were shown to shift the TSS bands. On the other hand, the magnetic impurity atoms were debatably reported to open a small band gap at Dirac points of TSS by breaking the time reversal symmetry [10, 11] . However, the topological property of the materials is, then destroyed and the magnetic impurities give rise to unwanted scatterings. Very recently, theoretical works suggested the changes in the effective mass of TSS upon terminating the surface with other atoms [16] and the changes in the vertical position and the Dirac point energy of TSS upon capping the surface with insulating ultrathin films [17] [18] [19] . However, none of these proposals were realized.
In this Letter, we devise a distinct approach in engineering TSS. We show both theoretically and experimentally that a strongly interacting monolayer grown on top of a 3D TI, a simple Bi monolayer on Bi2Te2Se (called BTS hereafter), in particular, can host new spinhelical electronic states replacing the original TSS with the bulk TI property preserved. By changing the terminating monolayer, one can generate various different TSS with different dispersion and spin orientation on a single 3D TI. That is, a particular TSS can be replaced by or transformed into other helical Dirac electronic states satisfying the topological requirement of the system. This result opens a new avenue towards creating and tailoring topologically protected spin and electron channels.
We used cleaved single crystals of BTS, which were grown using the self flux methods [20, 21] . The BTS crystals were cleaved in ultra high vacuum, onto which Bi monolayers were deposited as reported before [21] . We performed scanning tunneling microscopy/spectroscopy (STM/STS) measurements using a commercial lowtemperature STM. The STM topography was measured in a constant-current mode, and STS spectra and maps were obtained by the lock-in technique, which minimize the effect of topographic corrugations with the current feedback turned off [21] . The spin-and angle-resolved photoemission spectroscopy (SARPES) measurements were performed with a high performance hemispherical electron analyzer (VG-SCIENTA R4000) and a Mott spin detector using Xe discharge light of 8.4 eV [22] . The samples were kept at 78 K in both experiments.
The ab initio calculations were carried out in the planewave basis within generalized gradient approximation for exchange-correlation functional [23, 24] . A cutoff energy of 400 eV was used for the plane-wave expansion. The Bi/Bi 2 Te 2 Se structure is simulated by the supercell with Bi one monolayer (in a bilayer structure) on one surface of a slab of six quintuple layers (QLs) Bi 2 Te 2 Se and a vacuum layer of 20Å-thick between the cells [21] . During structural relaxation, the atoms of Bi monolayer and three Bi 2 Te 2 Se surface layers are allowed to relax until the forces are smaller than 0.01 eV/Å. The van-der Waals interaction is also considered [25] . Figure 1(b) is the band dispersion of a well-known 3D TI, BTS, whose atomic structure is depicted in Fig. 1(a) . Its TSS shows the V-shape dispersion above the bulk valence band (dashed lines), exposing the characteristics of Dirac electrons. The Dirac point is located at ∼0.3 eV below the Fermi level as reported before [9] . On top of fresh cleaved surfaces, we epitaxially grow atomically flat Bi(111) films [21] . The atomic structure of the monolayer film is shown in Fig. 1(a) , which was confirmed by STM and ab initio calculations [21] . The electronic band dispersions of BTS are substantially changed after growing a monolayer Bi film as shown in Fig. 1(c) . Firstly, the bulk bands shift down by ∼0.2 eV due to the charge transfer from the Bi film as discussed further below. This makes the edge of the bulk conduction band appears below the Fermi energy around theΓ point. This behavior was previously observed for various electron-doping adsorbates on Bi 2 Te 3 and related surfaces [4, 5, 7, 9, 12] . Secondly, but most surprisingly, the TSS of BTS (green dashed lines) disappears completely and instead a Λ-shape band (B 3 ) emerges aroundΓ. In addition, two strongly dispersing states appear away fromΓ; one (B 1 ) crosses the Fermi level to become metallic and the other (B 2 ) is connected to the Λ-shape band (B 3 ) atΓ forming a new band crossing (blue dashed lines). These data reveal greater details of the band dispersions with the improved spectroscopic resolution, which are overall consistent with the recent studies on a similar system of Bi/Bi 2 Te 3 [26, 27] . The experimental band dispersions match well with the ab initio calculation, which further unveils the origin of the newly formed bands. The two largely dispersing bands (B 1 and B 2 ) are the p xy bands of the Bi monolayer. These bands are degenerate in the freestanding Bi(111) monolayer [ Fig. 2(a) ] but split due to the inversion symmetry breaking by and the interaction with the substrate. We can artificially control the strength of such an interaction in the calculation by changing the distance between the Bi film and the TI substrate. Even at a moderate interaction [ Fig. 2(b) ], the TSS and the 2D electronic states of the film are strongly hybridized to make B 2 and B 3 form a Rashba-type pair and B 1 form a Dirac cone above E F and disperse into the conduction band of BTS. A stronger hybridization [ Fig. 2(c) ] causes the TSS totally vanishes leaving only three bands within the BTS band gap (blue shades), B 1 and the B 2 /B 3 Rashba pair. The Bi film becomes metallic due to the B 1 band dispersing into the BTS conduction band with its electrons partly transferred to the substrate. This explains the downward shift of the band of BTS. Surprisingly and unexpectedly, the Bi/BTS complex has three surface states of only the Bi origin within the BTS band gap with the original TSS removed.
The strong spin-orbit coupling of Bi itself and the Rashba-type band crossing for the newly formed surface states (B 2 +B 3 ) suggest that they are spin polarized. This spin polarization is detailed in the band calculation (Fig. 2) . In particular, along theΓ-K direction of the momentum space, where the band dispersion shown in Fig. 1 was measured, not only B 2 +B 3 but also the B 1 band are fully spin polarized with largely different spin orientations. While B 2 +B 3 bands have strong in-plane spin components within the surface plane, being consistent with the Rashba spin splitting, B 1 has its spin in the surface normal. While there is the strong out-ofplane spin component, the helical spin texture, opposite spins at opposite momenta, is obvious for all three surface states [Figs. 2(d), 2(e), 3(c), and 3(e)]. The partially out-of-plane spin polarization (B 2 in the present case) is widely found for normal TSS of 3D TI materials, for the momentum space away from the Dirac point, and is due to the warped band structure reflecting the hexagonal crystal structure [28] . However, in the present case, the B 1 spin at the Fermi energy is unusually dominated by the out-of-plane component, except for apexes of the hexagonal Fermi surface, where the spin flips [ Fig. 3(c) ]. The band dispersions and their detailed spin texture obviously show that the triple bands formed within the band gap are spin helical surface states between the BTS bulk and the vacuum. We thus conclude that they play the role of TSS connecting topologically nontrivial BTS with trivial vacuum, satisfying apparently the topological requirement of an odd number of spin helical surface states crossing the band gap. The spin polarization of the major bands was directly measured by SARPES. At the electron momenta away fromΓ, the two major surface state bands are prominent as shown in the energy distribution curves of photoelectrons [ Figs. 3(a) and 3(b) ], which were taken for the B 1 and B 2 bands at the momenta indicated in Figs. 1(c) (the dashed box) and 2 (vertical bars). The strong spin polarization is very clear in the SARPES data. As predicted in the calculation (Fig. 2) , the spin is almost vertical, in particular for B 1 , with opposite orientations between the opposite directions of electron momenta. The strong inplane spin polarization of the B 3 band is also clearly confirmed (data not shown), which is fully consistent with a very recent report [29] . This result clearly evidences the spin helical nature of the three surface state bands. We measured a wide binding energy range and the agreement between the experiment and the calculation is excellent for the detailed spin orientation.
The helical spin texture of the surface state is a hallmark of a TSS and it provides the unique and important property of suppressing electron backscattering. The electron backscattering can be directly confirmed by measuring the quasiparticle interference (QPI) in STM due to electron scatterings by defects. We performed STM experiments for partially covered Bi films composed of several 100 nm wide 2D islands [21] . For these islands, we can observe the QPI pattern due the scattering by the edge of islands. The STS dI/dV data in Fig. 4(a) shows the spatially-resolved local density of states (LDOS) containing such electron interference patterns (indicated by arrows). This QPI depends systematically on the electron energy reflecting the band structure. The Fourier transform of the QPI patterns reveals the scattering wave vectors involved [6, 30] . Mainly two distinct scattering vectors are identified, q 1 and q 2 . They matches with those expected from the band structure and the spin texture discussed above; the electron backscattering is allowed only for the wave vectors connecting the spin parallel parts of the bands as shown in Figs taken at selected energies. By covering a single atom-thick Bi film on a 3D TI BTS, we show theoretically and experimentally, that the TSS of TI is totally removed and new spin helical electron states are formed in the covering film. This demonstrates that the TSS of a 3D TI can be transferred into different atomic layer covering the 3D TI. During this transfer, the band dispersion and the spin texture are substantially modified. In the present case, unique vertical spins are created. The underlying mechanism of the TSS transformation is the strong electronic hybridization between the metal monolayer and the TI including the TSS (Fig. 2) . As a proof of the concept and the non-trival nature of the newly formed surface states, we performed similar calculations for a Bi film on a trivial insulator, In 2 Se 3 [ Fig. 2(f) ]. This calculation yields only trivial Rashba bands of the Bi origin, four surface states paired, within the band gap. The basic concept seems similar to the change of the vertical positions of TSS for the insulating compound films covering a TI in the recent theoretical studies [17] [18] [19] . Those theoretical suggestions were not realized yet and our choice of simple and single-atomthick film made the realization and confirmation of the TSS transformation substantially easier.
The formation mechanism is shown to be general since our calculation for the Sb monolayer leads to the same situation. However, a Ge film does not work to replace the TSS since its bands do not overlap with the TSS preventing any electronic hybridization within the band gap. We also tested various different TI substrates, which all yield consistent results. The only difference between different substrates is the degree of hybridization of Bi and the substrates, especially for the band near the Rashba crossing. When the Rashba crossing gets closer to the conduction band minimum of the substrate, the corresponding wave functions absorb more substrate character. This different degree of the hybridization is consistent with the recent report of 'hybridized Dirac cones' for Bi/Bi 2 Se 3 and Bi/Bi 2 Te 3 , respectively [29] . Note that this crossing is not a Dirac state but a Rashba crossing and the trivial case of Bi/In2Se3 also has such hybridized Rashba crossing near the conduction band minim [ Fig.  2(f) ]. What is quintessential in the topological band texture of these systems is, thus, not the presence of the Rashba band crossing, but the odd number of spin helical bands within the band gap. The hybridization of the B1 band with the conduction bands of the substrate makes this odd-numbered band texture [ Fig. 2(b) ].
In summary, we show that the TSS of a TI can be completely replaced by or transformed into two dimensional spin helical electronic states of a strongly interacting monolayer covering the surface, through a strong electronic hybridization. In principle, with properly designed covering films, one can make various different types of TSS on a single 3D TI, providing a new degree of freedom in creating topologically protected electron channels beyond the limit of the bulk materials synthesis, with possibtly tailored properties for various TI applications. 
